ABSTRACT: The class I ligase, a ribozyme previously isolated from random sequence, catalyzes a reaction similar to RNA polymerization, positioning its 5′-nucleotide via a Watson-Crick base pair, forming a 3′,5′-phosphodiester bond between its 5′-nucleotide and the substrate, and releasing pyrophosphate. Like most ribozymes, it requires metal ions for structure and catalysis. Here, we report the ionic requirements of this self-ligating ribozyme. 3+ inhibit by binding at least two sites, but they appear to productively fill a subset of the required sites. Inhibition is not the result of a significant structural change, since the ribozyme assumes a nativelike structure when folded in the presence of Ca 2+ or Co(NH 3 ) 6 3+ , as observed by hydroxyl-radical mapping. As further support for a nativelike fold in Ca 2+ , ribozyme that has been prefolded in Ca 2+ can carry out the self-ligation very quickly upon the addition of Mg 2+ . Ligation rates of the prefolded ribozyme were directly measured and proceed at 800 min -1 at pH 9.0.
Metal ions are essential for the activity of most ribozymes, functioning in electrostatic shielding, structure, and directly in catalysis (1) . Natural ribozymes vary widely in their metal ion specificity, from the large ribozymes (group I intron, group II intron, and RNase P 1 ), which require a divalent metal, preferably Mg 2+ , for activity, to the promiscuous selfcleaving ribozymes (hammerhead, hairpin, VS, and HDV), which are active in many different cations (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . Hammerhead, hairpin, and VS ribozymes are even active in nonmetal ions such as NH 4 + (12, 13) . Ribozymes selected in vitro also exhibit a wide range of metal ion requirements. Some, like the ribonucleolytic leadzyme, are active only in the cations in which they were selected (14) (15) (16) . Others exhibit activity in the presence of metal ions which were not present during their selection. For example, an acyl transferase ribozyme, which was selected in the presence of Mg 2+ and K + only, is active in a wide variety of cations, including Co(NH 3 ) 6 3+ (17, 18) . The class I ligase, which was also selected in the presence of only Mg 2+ and K + , performs a reaction similar to RNA polymerization, positioning its 5′-nucleotide via a WatsonCrick base pair, forming a 3′,5′-phosphodiester bond between its 5′-nucleotide and the substrate, and releasing pyrophosphate ( Figure 1 ) (19) . In fact, a version of this ribozyme can act as a general RNA polymerase, accurately extending a primer up to 14 nucleotides (20) . Not only does the ligase perform the same reaction as naturally occurring RNA and DNA polymerases, but the stereospecificity of its preference for sulfur substitutions at the nonbridging oxygens on the R-phosphate matches that of these enzymes, raising the possibility that a catalytic mechanism common to all polymerases extends to ribozyme-mediated polymerization as well (21, 22) . The ligase is also one of the fastest ribozymes, among both natural ribozymes and those selected in vitro (23) . These characteristics raise a number of interesting questions, including how the ligase's metal ion requirements compare to that of other ribozymes, how these requirements compare to those of polymerases made of protein, and to what degree its selection in the presence of only Mg 2+ and K + has constrained its use of metal ions.
To address these questions, we surveyed the metal ion requirements for activity and folding of the ligase. This ribozyme has an unusual Mg 2+ specificity for activity and was inhibited by all other cations tested. However, the ligase can achieve its native, global structure in the presence of several different cations, as determined by hydroxyl radical mapping. That the structure observed by this technique is similar to the active conformation was demonstrated by prefolding the ribozyme in Ca 2+ and initiating the reaction with the addition of Mg 2+ and EGTA, thus changing the ratelimiting step from folding to catalysis. The rate, 800 min -1 at pH 9.0 and 60 mM Mg 2+ , is one of the fastest rates yet observed for ribozyme catalysis.
MATERIALS AND METHODS
RNA Preparation. The class I ligase ribozyme (b1-207, Genbank #U26413) was transcribed in vitro from a plasmid template linearized with EarI and gel purified on a 6% denaturing polyacrylamide gel (23) . The substrate was an RNA-DNA hybrid (5′-aaaCCAGUC; DNA bases lowercase) synthesized by standard phosphoramidite chemistry. It was 5′-radiolabeled using [ 32 P]γ-ATP or [ Manual Kinetic Assays. Metal salts were the highest purity available. RNA, water, buffer, spermine, and non-transition metal salts were extracted with diphenylthiocarbazone in chloroform to remove contaminating transition metal ions (6, 24) . Residual chloroform did not affect the reaction rates (data not shown). The ribozyme was renatured in water by heating at 85°C for 2 min and cooling at 22°C for 2 min. Reactions were carried out with 2 µM ligase ribozyme and ∼25 nM substrate in 50 mM MES, pH 6.0, at 22°C (or room temperature for incubations <1 min). Reactions were started by adding [ 32 P]-labeled substrate, buffer, and metal ions simultaneously and stopped by the addition of at least 1 vol 8 M urea and EDTA in excess of the divalent metal. Product and substrate were separated on 20% denaturing polyacrylamide gels and quantified with a Fujix BAS 2000 phosphorimager.
Rapid-Quench Flow Assays. Ribozyme reactions requiring time points earlier than 5 s were performed in an RQF-3 rapid-quench flow apparatus (KinTek corporation, Austin, TX). Ribozyme in water was heated to 80°C for 2 min, and then incubated at 22°C for 2 min. EDTA was added to a concentration of 1 mM to chelate any trace divalent metal contaminants, and radiolabeled substrate was then added. To start the reaction, the ribozyme-substrate complex was mixed with an equal volume of reaction buffer. Final reaction conditions were 1 µM ligase ribozyme, e16 nM substrate, 60 mM MgCl 2 , 200 mM KCl, 0.6 mM EDTA, and 50 mM BES (pH 7.0), BES (pH 7.4), EPPS (pH 8.0), EPPS (pH 8.5), or CHES (pH 9.0). Reactions were quenched with 0.5 vol 0.5 M EDTA, and then collected and analyzed by gel electrophoresis and phosphorimaging. Reactions in which CaCl 2 was used to prefold the ribozyme-substrate complex were performed as above, except that CaCl 2 (3 mM) was added to the ribozyme-substrate complex after addition of substrate, and the reaction buffer was supplemented with 5 mM EGTA. At pH 7.0, rates measured with rapid-quench flow matched previous manual measurements of ligation (23) .
Rate Determination. Rates were determined using eq 1 where t equals time, k is the observed rate of catalysis, and F a equals the fraction of substrate that reacts in an initial burst. In rapid-quench flow experiments in which conformational interconversion was negligible, reaction data were fit to eq 1 using F a ) 0.7 to adjust for the fraction of enzyme in an active conformation in 60 mM MgCl 2 (23) (N.H.B. and D.P.B., unpublished data). In all manual kinetic experiments, the rates were not corrected for the amount of ribozyme in the active conformation (F a ) 1), because the inactive fraction may be dependent on the identity and concentration of the metal ions (2, 25) , and it was important not to discount the misfolded molecules in comparing the relative reaction rates in the presence of various metal ions.
To fit the data to a single exponential, only times points in which e35% of the substrate had reacted were used. Hydroxyl Radical Mapping. Structural studies were performed on the ligated product because the ribozyme does not fold properly in the absence of substrate (N.H.B. and D.P.B., unpublished data). 10 µM ribozyme and 3 µM [ 33 P]-labeled substrate were reacted to completion in 10 mM MgCl 2 and 50 mM MES, pH 6.0. The Mg 2+ was chelated with EDTA, and the ribozyme was precipitated to remove the EDTA/Mg 2+ complex. After resuspension, the reacted ribozyme was extracted with diphenylthiocarbazone. The product was renatured by heating at 85°C for 2 min and cooling at 22°C for 2 min. The renatured product (final concentration ) 1 µM) was mixed with 20 mM MES, pH 6.0 and various monovalent and/or divalent metals, then incubated at 22°C with 2 mM NH 4 Fe(II)SO 4 , 2.2 mM EDTA, and 2 mM ascorbic acid (26, 27) . After 15 min, the cleavage reaction was quenched with 50 mM thiourea. The cleavage reactions were run on 10% denaturing polyacrylamide gels and quantified by phosphorimaging. After normalizing for loading differences and the overall amount of cleavage in each lane, "protection factors" were determined by dividing the number of counts of a nucleotide in the unfolded ribozyme (0 mM Mg 2+ at 60°C) by the number of counts of that nucleotide in the "folded" ribozyme (various metal concentrations at 22°C) (26) . Except for nucleotide C68, the spectrum of protected residues observed in the renatured product was identical to that seen in previous experiments in which the product was not precipitated and renatured, but was mapped immediately after ligation (N. H. Bergman, N. Lau, V. Lehnert, E. Westhof, and D. P. Bartel, manuscript in preparation).
As a standard for complete folding, each experiment included the ribozyme folded in 10 mM MgCl 2 (N. H. Bergman, N. Lau, V. Lehnert, E. Westhof, and D. P. Bartel, manuscript in preparation). The magnitude of the protection factors for ribozymes folded in 10 mM MgCl 2 varied in different experiments, due to differences in the overall degree of cleavage and to differences in the amount of signal over the background radiation of the exposed gels. To compare experiments performed on different days and run on different
gels, the protection factors of each nucleotide were normalized to the average protection of that nucleotide in 10 mM MgCl 2 (the average of four experiments). To assess the global structure of the ligase in the presence of various cations, protection factors of the most protected nucleotides (A46-C48 and G71-A74) were averaged.
RESULTS
Metal Requirements for ActiVity. To study the metal ion requirements for folding and catalysis of the class I ligase, the single-turnover, self-ligating version ( Figure 1 ) was chosen because it offered a simpler context relative to the polymerase and multiple-turnover derivatives (23, 28) . Previous experiments established that chemistry is rate-limiting from pH 5.7-7.0 in 60 mM MgCl 2 and 200 mM KCl, but the kinetic analysis was not extended to higher pH because the rates could not be accurately measured by manual pipetting (23) . In addition, no other ionic conditions have been explored. We therefore began this study by determining the metal ion requirements of the ligase at pH 6.0.
Varying the concentration of Mg 2+ revealed a high optimum (>200 mM; Figure 2A ). The observed rate is dependent on pH even at very low Mg 2+ concentrations (loglinear dependence, slope ∼1), so chemistry appears to be rate-limiting throughout the range of concentrations tested (data not shown). In the absence of K + , the Hill coefficient between 0.5 and 2 mM Mg 2+ is 3.5; at higher concentrations, the Hill coefficient decreases to ∼1 ( Figure 2B ). While this decrease may be due to inhibition by high Mg 2+ concentrations, it is probably partially or wholly due to the saturation of some Mg 2+ binding sites (29) . At very low Mg 2+ concentrations, the Hill coefficient approaches the minimal number of ligands required for activity. The nonintegral value of the Hill coefficient indicates either that some sites are becoming saturated at the lowest Mg 2+ concentration tested or that not all binding sites must be filled for the ligase to achieve some level of activity (29) .
Because all previous kinetic analysis of the ligase was performed in the presence of 200 mM KCl, its Mg 2+ dependence was also assayed in the presence of K (1-6, 8, 9, 30) . In contrast, the activity of the ligase is orders of magnitude lower in the presence of Mn 2+ . At the optimal Mn 2+ concentration (2 mM), the observed rate was 50-fold less than in 2 mM Mg 2+ and 1500-fold less than at the optimal Mg 2+ concentration. The activity decreased at higher Mn 2+ concentrations, and was undetectable above 20 mM. For the hammerhead and an acyl transferase ribozyme, a decrease in activity at high Mn 2+ concentrations was attributed to the formation of insoluble 2 These Hill coefficients were interpreted assuming that the ratelimiting step does not change at low Mg 2+ (<10 mM) in the presence of additional cations (K + , Ca ). This assumption that the rate of folding (or another step preceding chemistry) does not make a significant contribution to the observed rate can be justified as follows. The rate of folding (k fold) is 60 min -1 at 60 mM Mg 2+ and 200 mM K + and is independent of pH from pH 7.0-9.0 (discussed later). At 0.5 mM Mg 2+ and pH 6.0, the lower limit for the rate of folding is 2 min , as discussed later. concentrations. In the absence of K + (O), the Hill coefficient is 3.5 for Mg 2+ concentrations between 0.5 and 2 mM and is ∼1 at Mg 2+ concentrations above 8 mM. In the presence of 200 mM KCl (×), the Hill coefficient is 5.0 for Mg 2+ concentrations between 0.5 and 4 mM and is ∼1 at Mg 2+ concentrations above 8 mM. The k max was estimated to be 2.8 min -1 from the plateau of the curve (increasing its value 10-fold does not affect the Hill coefficients). metal hydroxides at pH g 8.0 (17, 31) . However, this is unlikely at pH 6.0 (31, 32) . If the affinity of Mn 2+ were merely lower than the affinity of Mg 2+ for required metal ion binding sites, the activity of the ligase would plateau at a higher metal ion concentration. Because the activity decreases with increasing Mn 2+ concentration, it is more probable that Mn 2+ binds to inhibitory sites, possibly perturbing the active structure by coordinating to the nitrogens of the bases (33) .
Inhibition by DiValent Metals. Although the ligase achieves full activity only in the presence of Mg 2+ , it is possible that other cations can successfully fill certain sites. In the reactions of RNase P and the group I intron, cations that do not promote activity on their own can reduce the amount of Mg 2+ required for catalysis, providing evidence for different classes of metal ion binding sites (2, 5) . To explore whether this is true for the ligase, it was assayed in the presence of 4 mM MgCl 2 and 0, 0.1, 1, or 10 mM additional cation (Table 1) . Every divalent metal ion tested was found to inhibit the ligase. . Unless Co(NH 3 ) 6 3+ has no affinity for these saturated sites, it must be able to fill them (or other functionally equivalent sites) without inhibiting the ribozyme. However, if the ribozyme is active even when not all sites are filled (i.e., activity is partially cooperative or noncooperative), this result provides no information about whether Co(NH 3 ) 6 3+ can productively fill any of the metal ion binding sites. It may merely inhibit the ribozyme.
In contrast, the Hill coefficient between 1 and 10 mM Mg 2+ is 2.0 in the presence of 5 mM Ca 2+ ( Figure 4B Figure  4C,D) . In this alternative Hill plot, the reaction rate in the presence of inhibitor is compared to the rate in its absence, rather than to the maximum rate. The data fit a curve with a limiting slope at high inhibitor concentrations equal to the number of inhibitor binding sites (29 may have more than two inhibitory binding sites, but whether it can fill any required sites is inconclusive.
Structural Metal Ion Requirements. To investigate whether cations other than Mg 2+ can fill structural metal ion binding sites, we performed hydroxyl-radical mapping on the ligated product in the presence of various cations ( Figure 5 ). This technique probes the global structure of nucleic acid molecules by preferentially cleaving solvent-accessible residues near the surface of a folded molecule (35, 36) . In the absence of Mg 2+ , 200 mM K + causes little, if any, of the native structure to form, while protection from cleavage decreases at 1 mM Mg 2+ if 200 mM K + is also present ( Figure 5B ). It is not clear whether this decrease is significant; if so, this result would correspond with the effect of K + on catalysis, in which the inhibition by K + at low Mg 2+ concentrations would result in structural destabilization. At higher levels of Mg 2+ , K + makes little difference in the global structure of the ribozyme. Clearly, K + does not stabilize the structure or reduce the concentration of Mg 2+ required for folding.
In the presence of Ca 2+ alone, the ligase achieves the same global structure as in Mg 2+ ( Figure 5C ). Not only is the pattern of protection the same (except C68, which is not reproducibly protected in Mg 2+ ), but the concentration of metal ions required for folding is similars[M 2+ ] 1/2 fold for both metal ions is e1 mM ( Figure 5D ; unpublished results). The low metal ion concentration required for folding is in sharp contrast to the high concentration of Mg 2+ optimal for catalysis. Apparently, the structural metal ion binding sites have a high affinity for divalent cations and can accommodate Ca 2+ as well as Mg 2+ .
Co(NH 3 ) 6
3+ can also fold the ligase into a nativelike structure ( Figure 5E ). Much lower concentrations are required; [Co(NH 3 ) 6 3+ ] 1/2 fold is between 10 and 30 µM. That a ∼40-fold higher concentration of Mg 2+ is required to achieve the same degree of protection was not unexpected due to the stronger electrostatic interaction of the trivalent cobalt complex with the ribozyme (17, 37, 38) . However, the maximum extent of protection is less than that of ribozymes folded in Mg 2+ , and the level of protection decreases at higher Co(NH 3 ) 6 3+ concentrations. Hill analysis suggested that Co(NH 3 ) 6 3+ may be able to fill fewer required sites than Ca 2+ (Figure 4A,B) . It is possible that appropriate binding of a couple sites can fold the ribozyme into a nativelike structure, but stable folding requires binding of one or more additional sites, which Co(NH 3 ) 6 3+ cannot bind. Alternatively, Co(NH 3 ) 6 3+ may bind to low-affinity sites in a manner that disrupts the structure.
Kinetics of the Ribozyme Prefolded in Ca 2+ . The conclusion from hydroxyl-radical mapping studies is that Ca 2+ and Co(NH 3 ) 6 3+ can play structural roles in the ligase, even though they inhibit catalysis. A caveat to this conclusion is that these studies were performed on the product of the reaction, which may not be in the active conformation. In addition, hydroxyl-radical mapping is a low-resolution technique. Even though the structures folded by Mg 2+ , Ca 2+ , and Co(NH 3 ) 6 3+ are globally similar, there may be differences in the fine details. To determine whether the structure achieved by the ligase in the presence of Ca 2+ is the active one or at least a productive intermediate, we examined the kinetics of self-ligation reactions in which the ribozyme was preincubated with Ca 2+ (Figure 6A ).
In the absence of Ca 2+ preincubation, chemistry is ratelimiting and increases with increasing pH in a log-linear manner from pH 5.5 to pH 7.0 (23). At pH g8.0 the rate plateaus at 60 min -1 , indicating that another step in the reaction, presumably folding, becomes rate-limiting above pH 7.0 ( Figure 6B, squares) . When the ribozyme-substrate complex was preincubated with Ca 2+ prior to the addition of Mg 2+ , the rate was somewhat faster, but not as fast as expected if chemistry were rate-limiting (data not shown). This might be because the ligase is inhibited by Ca 2+ or because the ribozyme prefolded with Ca 2+ requires a conformation change before chemistry can occur.
To prevent inhibition of the ligation reaction by the Ca 2+ used to prefold the ribozyme-substrate complex, the Mg 2+ used to initiate the reaction was supplemented with EGTA, which chelates Ca 2+ 100 times more readily than Mg 2+ (39) . When the reaction was started by the simultaneous addition of Mg 2+ and EGTA ( Figure 6A ), ligation rates were loglinear with pH up to pH 8.5 (slope ) 1.0; Figure 6B , circles). At pH >8.5, ligation rates rose more slowly with pH, possibly due to deprotonation of the bases and concomitant destabilization of the structure. The ability of Ca 2+ -preincubation to extend the range in which ligation rates are loglinear with pH suggests that chemistry is rate-limiting at high pH for the prefolded ribozyme-substrate complex. Thus, the Ca 2+ -prefolded ribozyme (and perhaps the product folded in the presence of Mg 2+ , Ca ) must be very close to the active structure. Any slight, Mg 2+ -induced conformation changes must be exceedingly fast.
DISCUSSION

Role of Metal Ions in Structure and
Catalysis. The class I ligase, like many other natural ribozymes and ribozymes selected in vitro, has multiple metal ion binding sites with differing roles, affinities, and specificities. Scheme 1 summarizes the relationships between metals and ribozyme folding and chemistry (where R u , R f , P, S, and PP i denote unfolded ribozyme, folded ribozyme, ligated ribozyme, substrate, and pyrophosphate, respectively). Folding of the ribozyme is rapid (60 min -1 ), but can become rate-limiting at higher pH. Low metal ion concentrations are required for folding, which proceeds equally well in the presence of Mg 2+ or Ca 2+ . In contrast, much higher Mg 2+ concentrations are required for catalysis, and only Mg 2+ is sufficient for optimal catalysis. Overall, g5 Mg 2+ are required for folding and catalysis, and the presence of Ca 2+ reduces the number of required Mg 2+ to g2, suggesting that two metal ions may be required for catalysis.
Scheme 1 was built with several simplifications. Folding is represented as a single step, representing attainment of catalytic competence. In reality, folding is probably several distinct steps, as has been seen for other RNAs (40) (41) (42) (43) . Furthermore, Scheme 1 begins with substrate bound to the ribozyme prior to folding and disregards the contribution of Mg 2+ -dependent folding prior to substrate association. This is justified because at high pH, where folding is rate-limiting, incubation in Mg 2+ before adding high concentrations of substrate does not increase the ligation rate (data not shown), suggesting that the ligase does not stably exist in a folded form without bound substrate. Thus, ligation rates largely reflect reactions in which folding is preceded by substrate association. The rate of unfolding is described as slow because the equilibrium between R u ‚S and R f ‚S appears to lie toward the folded form (at least at high Mg 2+ concentrations). This is based on the observation that reaction time courses for the Ca 2+ -preincubation experiments fit a singleexponential curve, even at high pH, as expected for a homogeneous population of molecules that are correctly folded at the moment of Mg 2+ addition. The chemical step (R f ‚S f P + PP i ) is represented as irreversible because previous work has shown that the reverse reaction (pyrophosphorolysis with formation of a triphosphate) is 10 7 -times slower than the forward reaction (21) .
The Mg 2+ preference for catalysis is in stark contrast to RNA and DNA polymerases made of protein and most natural ribozymes, which have similar levels of activity in Mg 2+ and Mn 2+ (1-6, 8, 9, 30) . One (or more) low-affinity Mg 2+ appears to be required for catalysis; [Mg 2+ ] 1/2 for folding is e1 mM, but [Mg 2+ ] 1/2 for activity is over 70 mM. Co(NH 3 ) 6 3+ and Ca 2+ probably compete with Mg 2+ for the low-affinity site (or fill nonoverlapping, mutually exclusive sites), both because they can fill some or all high-affinity structural sites and because they increase the apparent K d of the low-affinity site to ∼200 mM. Likewise, Mn 2+ increases the apparent dissociation constant of the low-affinity site, due to suboptimal binding to this site or disruptive binding to inhibitory sites (data not shown).
While it is apparent from kinetic and structural studies that Mn 2+ , Ca
2+
, and Co(NH 3 ) 6 3+ can fill a subset of the required metal ion binding sites, one question that remains is whether they inhibit by binding (or preventing Mg 2+ from binding) to structurally or catalytically required sites. Mn 2+ must be able to fulfill all of the structural and catalytic requirements to some degree, because the ribozyme is slightly active in the presence of Mn 2+ alone. However, if the ribozyme retains some activity even when not all stimulatory sites are bound, it is possible that Mn 2+ , as well as its competition for the low-affinity, catalytic site suggests that Co(NH 3 ) 6 3+ also competes with Mg 2+ for catalytic metal ion binding sites (or binds mutually exclusive sites), rather than merely disrupting the ribozyme fold.
Unless Ca 2+ subtly perturbs the structure, it also inhibits by competing for catalytic sites (or mutually exclusive sites). Additional support for this comes from measuring the activity at high pH after preincubating the ribozyme-substrate complex with Ca 2+ . Under these conditions, chemistry is ratelimiting up to approximately pH 8.5, so the rate of any conformation changes must significantly exceed 500 min -1 , the rate of the chemical step at pH 8.5. In comparison, tRNA folds 10-fold faster than this, the catalytic domain of RNase P folds at the same rate, the fast steps of group I intron folding proceed 8-fold slower, and large conformational changes of several ribozymes occur on the order of minutes (41, (44) (45) (46) (47) (48) (49) .
While it is not possible to determine whether the inhibitory ions compete directly with Mg 2+ by binding overlapping sites or whether their binding to more distant sites alters the conformation and occludes Mg 2+ binding sites, their inability to adequately fill some required sites does suggest that certain chemical attributes of Mg 2+ are vital for ribozyme activity. Ca 2+ , for instance, has a larger radius and a higher pK a than Mg 2+ . Before assessing the importance of these characteristics for ligase activity, it will be useful to discuss the role of Ca 2+ in uncatalyzed RNA ligation and in some ribozymecatalyzed reactions.
The uncatalyzed ligation reaction, in which two RNAs aligned by base-pairing to a template are ligated to form a 3′,5′-phosphodiester bond and release pyrophosphate, works with a wide variety of metal ions, and the rate varies inversely with the metal ion's pK a (50) . The differences between the rates in the presence of different metal ions correlates with the difference between their pK a 's, such that the rate with Mn 2+ (pK a ) 10.6) is 6-10-fold higher than with Mg 2+ (pK a ) 11.4), and the rate with Mg 2+ is 13-fold higher than with Ca 2+ (pK a ) 12.9). Likewise, a 2′,5′ ligase ribozyme, which was selected in vitro and performs a reaction similar to the class I ligase, demonstrates the same relationship between its activity and the pK a of the metal ion (51 (34) . Likewise, the slightly lower pK a of Ca 2+ is unlikely to account for its inhibition of the ligase ribozyme. It is more probable that Ca 2+ distorts the active site, either because it is too large or it binds to an incorrect site. However, whether Mn 2+ is preferred over Mg 2+ at the active site is impossible to discern because Mn 2+ inhibits the ligase ribozyme by binding to other sites.
In addition to a possible size requirement at certain metal ion binding sites, inhibition by Co(NH 3 ) 6 3+ suggests that innersphere contact is required at some sites, since Co-(NH 3 ) 6 3+ is exchange-inert and similar in size and shape to a fully hydrated Mg 2+ (10, 11, 52) . Because the ribozyme is well-folded by Ca 2+ and mostly folded by Co(NH 3 ) 6 3+ , it is likely they both disrupt Mg 2+ binding to catalytic sites, especially the low-affinity site. The correct positioning of the active site may therefore require binding by at least one metal ion with a radius smaller than that of Ca 2+ and innersphere coordination of one or more metal ions.
Mechanism of the Class I Ligase. Ca 2+ inhibits the ligase by binding to two sites, yet the ribozyme appears to be correctly folded. This raises the tantalizing possibility that the ligase uses a mechanism requiring two metal ions, similar to that of protein-enzyme polymerases (22, (53) (54) (55) . In this mechanism, one metal ion coordinates the 3′-OH of the primer and the pro-R P -oxygen of the R-phosphate belonging to the incoming nucleotide (54) , and the other contacts the nonbridging oxygens of the triphosphate, all through innersphere coordination (53) (54) (55) . The first metal ion promotes the attack of the 3′-OH on the R-phosphate by lowering its affinity for hydrogen, and the second stabilizes the pyrophosphate leaving group (22) . This mechanism is common to several nonhomologous polymerases (22, (53) (54) (55) , as well as to enzymes that catalyze other phosphoryl transfer reactions (albeit with differing stereochemical preferences), including the 3′-5′ exonuclease of DNA polymerase I and alkaline phosphatase (56) (57) (58) (59) .
In the reaction catalyzed by the ligase ribozyme, one of the required metal ions is undoubtedly chelated to the triphosphate, with a K d between 10 and 100 µM, if binding to the triphosphate is not influenced by additional interactions with the ribozyme (39, 50) . Given that K + has a K d of 100-300 mM for nucleoside triphosphates (39) , the apparent dissociation constant of Mg 2+ would be 17-300 µM in the presence of 200 mM KCl, assuming competitive inhibition (eq 2). (60) . While there is no evidence supporting the specific metal contacts required by the two-metal-ion mechanism for the ligase reaction, there are several parallels between reactions catalyzed by the ligase ribozyme and proteinaceous polymerases that are consistent with this mechanism. The ligase, which forms the catalytic core of an RNA polymerase ribozyme, has the same stereochemical preference for sulfur substitution at the R-phosphate as polymerases composed of protein (20, 21) , and both the ligase and polymerases made of protein can tolerate only Mg 2+ or Mn 2+ at their active sites (30) . In addition, kinetic and structural analysis in the presence of Mg 2+ and Ca 2+ suggested that the ligase may require two metal ions for catalysis. If this model is correct and the polymerase ribozyme uses the same mechanism as the ligase, the two-metal-ion mechanism may be truly universal for polymerases (22) .
The Class I Ligase and the RNA World. The ligase not only performs the chemistry of RNA polymerization, a reaction crucial to the RNA world hypothesis, but it is also one of the fastest ribozymes. Under optimal conditions, selfligation proceeds at a rate of 800 min -1 , comparable to that of the RNA component of RNase P (360 min -1 ) (61), and both ribozymes have rates 10 times faster than the observed rates of most other ribozymes (17, 31, 51, (62) (63) (64) . However, the optimal conditions for these ribozymes differ from each other and from physiological conditions.
To make a fair comparison to natural ribozymes and evaluate the ligase as a reasonable facsimile of an RNA world enzyme, it would be useful to estimate its level of activity under physiological and possible primordial conditions. The physiological concentration of free Mg 2+ is 1-2 mM, free Ca 2+ is approximately 0.1 µM, and total monovalent cations are about 200 mM (33, (65) (66) (67) . Ignoring polycations that may inhibit the ribozyme further, the ligase would exhibit only 0.001 of its optimal activity, at best, under these conditions. With a Mg 2+ concentration of about 50 mM, seawater (a possible primordial environment) may seem more favorable (33, 68) ; however, the high concentration of Ca 2+ (∼10 mM) would severely inhibit the ligase (33) . While it is difficult to compare the ligase to natural ribozymes under physiological conditions, the group I intron and RNase P are considerably more tolerant of Ca 2+ at high Mg 2+ concentrations (2, 69, 70) , and the small self-cleaving ribozymes are very active in the presence of many cations, including Ca 2+ (6-9). It is not surprising that the ligase is less tolerant of other metals than natural ribozymes, considering that it experienced only Mg 2+ and K + during its selection. The question then arises whether it would be worthwhile to perform in vitro selections in a broader range of metal ions. There is no clear trend demonstrating that the metal ion requirements of ribozymes are defined by the metal ions present during their selection. Although selected in the presence of only Mg 2+ and K + , like the class I ligase, an acyl transferase and a 2′,5′ RNA ligase are active in a wide variety of metal ions (17, 18, 51) . Other ribozymes selected in a mixture of metal ions are limited to activity in only a few and may be inhibited by some ions (71) (72) (73) (74) (75) . If lower Mg 2+ concentrations and a wider variety of metal ions had been used in the ligase selection, the class I ligase would have been at a severe disadvantage. As it was, this ligase was the only member of its family isolated from a pool of 10 15 sequences (19) . Despite the lack of ionic stringency during the selection, a ribozyme as catalytically efficient as many in nature was discovered. Selecting variants of the ligase with lower Mg 2+ optima and higher metal tolerance, as demonstrated previously with the group I intron and RNase P (76, 77) , may lead to the discovery of ribozymes that are active in conditions simulating intracellular or possible prebiotic environments.
